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Detection of GW'’s
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Conclusions "

No discovery to report here!

Alan Weinstein, Caltech
for the LIGO Scientific Collaboration

G0900070-v1



LSC
LIGO

Gravitational Waves

Static gravitational fields are
described in General Relativity
as a curvature or warpage of
space-time, changing the
distance between space-time
events.

Shortest straight-line path of a nearby G — 8TCT
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Nature of Gravitational Radiation

General Relativity predicts that rapidly (PJe-----------. > (7
changing gravitational fields produce h=AL/L
ripples of curvature in fabric of spacetime

 Stretches and squeezes space between

“test masses” —strain h=AL /L 2 Y i
* propagating at speed of light * A / ?"
* mass of graviton = 0 L +P°Farizatim
 space-time distortions are transverse i

to direction of propagation
» GW are tensor fields (EM: vector fields)

two polarizations: plus (®) and cross (®) Contrast with EM dipole radiation:
(EM: two polarizations, x and y )

Py
N

Spin of graviton = 2 X (&—»)) j> I
N
g
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Sources of GWs

LSC

Accelerating charge = electromagnetic radiation (dipole)

Accelerating mass => gravitational radiation (quadrupole)
Amplitude of the gravitational wave (dimensional analysis):

_2G ; 4w’ GMR® 2,

h = 1 = h=
uv 047” uv

[“V = second derivative
of mass quadrupole moment
(non-spherical part of kinetic energy
— tumbling dumb-bell)

G is a small number!

(space-time is stiff).

Waves can carry huge energy

with minimal amplitude

Need huge mass,
relativistic velocities, nearby.

For a binary neutron star pair,
10m light-years away, solar masses
moving at 15% of speed of light:

4
cr

M ~ 10% kg
R ~ 20 km

f ~ 400 Hz

r ~ 102 m

R

Energy-momentum conservation:
energy cons = no monopole radiation
momentum cons = no dipole radiation
= lowest multipole is quadrupole wave

M

ya
N\

\

h~10

21

Terrestrial sources TOO WEAK!
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A NEW WINDOW
ON THE UNIVERSE

Infrar'ed"-""}.f:_' 5

The history of Astronomy:

new bands of the EM spectrum
opened — major discoveries!

GWs aren’t just a new band, they’re
a new spectrum, with very different
and complementary properties to EM

waves.

« Vibrations of space-time, not in space-time

- Emitted by coherent motion of huge masses
moving at near light-speed;
not vibrations of electrons in atoms

- Can’t be absorbed, scattered, or shielded.

GW astronomy is a totally new,
unique window on the universe



LIGO |ndirect Evidence for GWs
from Hulse-Taylor binary

emission of gravitational waves by compact binary system
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* Binary pulsar PSR 1913 + 16 . ‘o, 5

- Discovered in 1974

« orbital parameters measured "'., K ~10
continuously measured over 30 years! ’ “ve., ‘:'

= Only 7 kpc away ——..—V(.) 15

= 8 hr period speeds up 35 sec ~ 8 hr

Cumulative shift of periastron time (s)

I\\‘\\\\l\\\\[\[I\‘]\[\‘[\[\‘\\\I‘\\\[
lllJJ\lJ\JJll\I\l]J[J‘[\[J‘lJ\I‘ll

from 1975'2005 o General Relativity predictiom/
= measured to ~50 msec accuracy Y
= deviation grows quadratically with time
» shortening of period < orbital energy loss —o0
= Compact: negligible loss from friction, material flow _s5 —(Weisberg & Taylor, 2005)
» beautiful agreement with GR prediction
lApparenﬂy,|ossisduetoGWs! ,407‘|\|\|\|\|‘|\|\|\|\|‘|\|\|\|\|
1975 1980 1985 1990 1995 2000 2005
= Nobel Prize, 1993 Year

= Merger in about 300M years (<< age of universe!)
= GW emission will be strongest near the end —
Coalescence of black holes!
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Interferometric detection of GWs

> mirrors

GW acts on freely .
»

falhng masses. laser xgo
Beam

For fixed ability to splitter 449 L ¥ o=Ad

Dark port

measure AL, make L photodiode
as big as possible!

P,, = P, sin*(2kAL)

Antenna pattern:
(not very directional!)




LSC
LIGO |Interferometric GW detectors

’ _ ,{/ < i V z
Quadrupolar radiation pattern P NP

L/ f - Pokutzation L: X X Polarization |
Michelson interferometer \\_,. e T
“natural” GW detector
Suspended mirrors ‘\_/Q Wiy
in “free-fall”

Broad-band response p A
~50 Hz to few kHz %

Waveform detector
e.g., chirp reconstruction

test mass

light storage arm

i
test mass test mass

test mass

h=AL/L =
Goal: get h < 10-22; N splitter photodetector
can build L = 4 km; GW output
must measure power recycling port

AL=hL < 4%x109m mirror



LIGO | imits to Initial LIGO Sensitivity
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LIGO: Laser Interferometer LRs1e
Gravitational-wave
Observatory

Hanford, WA

4 km (H1)
+ 2 km (H2)

4 km
L1

C {1

Livingston, LA
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LIGO Despite a few difficulties, sci
runs started in 2002.

NESDIS/OSEI NOAA-15 AVHRR HRPT RGBACH3,CH2,CHI 06/29/2000 03:10 UTC

RICHEAND

‘Washington




Vico Science Runs

LSC

A Measure of
MEE R e REL Progress

------ V_'._rse__?!.l_!st.er., Binary neutron star
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h(f]. 1/Sqrt[Hz]

Strain Sensitivity for the LIGO 4km Interferometers
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LIGO — eLIGO — AdvLIGO

Gravitational wave strain, 1/VHz

S5 S5 Begin S6 End S6
Sti't Eid Enhanced LIGO decomm. LIGO
— I . | _

2006 2007 2008 2009 2010 Begin AdvLIGO
Observations!

L1 1 1 1 1

00 2009 2010 2011 2012...2014
dvLIGO AdvLIGO
Const. begins Installation

30 kg
sapphire (%
A

—24
10

Initial LIGO

L

NOW

Improve amplitude
sensitivity by a factor of
10x, and...

= Number of sources
goes up 1000x!

10

10
Frequency, Hz
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Global network of interferometers

LIGO

=/

e Simultaneous detection
* Detection confidence

e Source polarization

» Sky location

e Duty cycle

 Verify light speed propagation
« Waveform extraction




LIGO Event Localization With An
Array of GW Interferometers

Global Distribution of Major Inteferometer Sites

LIGO Transient Event Locallzation LIGO+VIRGO Transient Event Localization

SOURCE

LIGO+VIRGO - GEOQ Transient Event Localization LIGOVIRGO - GEQ--TAMA Transient Event Localizatior

SOURCE

cosf = ot/ (c D,,)
A0 ~ 0.5 deg
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Sensitivity in Science Runs

Typical Sensitivity: Science Runs
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LIGO Detectors in Japan:

TAMA 300, CLIO 100, LCGT

. Displacement noise level of TAMA300 5., 10
10 rerrrem = EEEE]) =au = Target sensitivity (300K)
B = Mirror thermal noise at 300K
10" = 10" — 061124_1
E —— 061213_2 (current best)
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LIGO :
Cryogenic Resonant detectors
Explorer (at CERN) Nautilus (at Frascati)

Univ. of ROME ROG group Univ. of ROME ROG group
== — sensitivity:
= hpe~ 1075
excellent
duty cycle

, LSU (Baton

nnnnnnnnnnnnnnnnnnnnnnnnnnnn
EEEEEEEE
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Frequency range of GW Astronomy

Electromagnetic waves
= over ~16 orders of magnitude

= Ultra Low Frequency radio waves
to high energy gamma rays

Gravitational waves
= over ~8 orders of magnitude
= Terrestrial + space detectors

B a ng  GED-600, GO,
VRGO, TAMA

(1982 to date)

Gravitational Wave Amplitude

]022

10-24

Audio band

<+

NS-NS and BH-BH

Coalescence

Coualescence of
Massive Black Holkes

R\. solved

Galactic Binaries /
SN Core
Collapse

Unresolved
Galactic
Binaries

LISA LIGO
107 10 10° 10° 10*
Frequency (Hz)
Space Terrestrial



LIGO The Laser Interferometer Space An Chiic

LISA

Three spacecraft in orbit The center of the triangle formation
about the sun, will be in the ecliptic plane

with 5 million km baseline 1 AU from the Sun and 20 degrees
behind the Earth.

relative orbit

k&
o of spacecraft

Spacecraft #2

. 2

Spacecraft #1

LISA (NASA/JPL, ESA) may fly in the next 10 years!
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Spin axis precesses
with frequency f,

Supernova 1987A Rings
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Analog from cosmic
microwave background --
~ Hubble Space Telescope | WMAP 2003

de Field Planetary Camera 2

GWs from the most energetic
processes in the universe!

- Compact Binary Coalescences:
black holes orbiting each other
and then merging together

« GW bursts of unknown waveform:
Supernovas, GRB engines

 Continuous waves from pulsars,
rapidly spinning neutron stars

» Stochastic GW background from
vibrations from the Big Bang




LIGO  GWws from coalescing compac! o
binaries (NS/NS, BH/BH, NS/BH)

. Compact binary mergers
Insplral " Merger ' Ringdown P ry g

“ /\WW (“ ’,)/

ST LY A"

k—known——s|supercomputee——known———=

1000 y| SImUl?thﬂS K Thorne

« Neutron star — neutron star (Centrella et al.)

0§ § 50




LIGO Astrophysical sources:

Thorne diagrams

Sensitivity of LIGO to coalescing binaries
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Understanding
Inspiral-Merger-Ringdown

The key to optimal detection is a well-modeled
waveform, especially the phase evolution

Low-mass systems (BNS) merge above ~1500 Hz,
where LIGO noise is high - we see the inspiral e EEEEE———

Higher-mass systems (BBH) merge or ring down
in-band.

These systems are unique: highly relativistic,
dynamical, strong-field gravity — exactly where
Einstein’s equations are most non-linear,
intractable, interesting, and poorly-tested.

Numerical relativity is devoted to deriving
waveforms for such systems, to aid in detection
and to test our understanding of strong-field
gravity.

HUGE progress in the last few years!

hPN

llthR

h hyb

-0.2 “Phenomenological template family for black-hole coalescence waveforms".
’ Class. Quant. Grav. 24: S689-S?00,|2007.
| | | | |

-1000 =800 =600 =400 =200 0
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LIGO Expected detection rate:

How many sources can we see?

CBC waveforms have known 10 e T S T T T
amplitude 1
h ~ (GM/c?r) x F(a,o,t)

Measured detector sensitivity
defines a horizon distance

This encloses a known number of

sources.
MWEG = 1.7x1010 L =1.7 L.,

From galactic binary pulsars:

R(BNSC) ~10-170 /Myr/L,, - BB B | Whowon weoim
From population synthesis:
R(BBHC) ~0.1 - 15 /Myr/L,, ol o bbb g
To see more than 10 events/yr, o 0 l]ist ck (Mpc) ’ 0

we need to be sensitive to
105 - 107 galaxies! EYZ =

L]
‘N

(D
H=l

total horizon) ]

D)L,

._.
o
_ total

- L

TS ool L N

11 Physical dlistance |
1 ;/with cubic extrapolation

Cumulative blue luminosity ( L1 0 )
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S4 upper limits-compact binary coalescence

= Ratel/year/L,, vs. binary total mass
Lo=10"L, 5 (1 MikyWay=1.7L,)
= Dark region excluded at 90% confidence.

NS-NS BH-BHs

Primordial BH binaries

10

—
P~
=

-1
10

(=]

—
-~
—

Rate (yr'l [

—
=

X
a

? .marginalimd

.marginalizcd

107 : ! ! — H H Lo H | = " . : : -
2 22 025 3 35 4 45 5 55 610 20 30 40 50 60 70 80
08 1"I’ul.!1-l M d]h.i If:\~l_].-)6 8 Total Mass (M) Total Mass (M)

< 0.8-80 M,
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Horizon distance is a strong function of mass

Horizon distance/Mpc

Horizon distance (Mpc)
versus mass (M)
Inspiral-Merger-Ringdown
Initial LIGO

800—

700

600

*+ PN Inspiral
Ring down

[

—— Coherent

T

[ ]
‘e,
...
'

[ ]
..........

eala==""
20

40

60

1 | 1
80 100 120 140 160 180 200
Total mass/M
sun

10°;

Horizon distance (Mpc)
versus mass (M)

for ringdowns

ILIGO = eLIGO = aLIGO

Ringdown range for s=1%, optimal location and orientation

ILIGO.a=0.00 ]
e iLIGO,8=0.49 1
——iLIGO,a=0,98 ||
eLIGO,a=0.00
elIGO,a=0.49
¢LIGO,a=0.98 |-

allGO,a=0.00
allGO,a=0.49

alIGO,a=0.98 ]

e

1 ; 1
200 300
Black Hole Mass (Msun)

Oz
400

600



LSC),

LIGO Triggered searches:
GRB 070201

= Feb 1, 2007: short hard y burst
(Tgo=0.15 S)
= Observed by five spacecraft

= Location consistent with M31
(Andromeda) spiral arms (0.77 Mpc)

= At the time of the event,
both Hanford instruments were
recording data (H1, H2),
while others were not (L1, V1, G1)

= Short GRB: could be inspiral of
compact binary system (NS/BH),
or perhaps soft gamma repeater

F1G. 1.— The IPN3 ( ) (y-ray) error box overlaps with the spi-
ral arms of the Andromeda galaxy (M31). The inset image shows the full
error box superimposed on an SDSS ( ) image of M31. The main
fi gure shows the overlap of the error box and the spiral arms of M31 in UV
light ( ).
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LSC

Inspiral search - GRB 070201

= Matched template analysis, 1My <m,; < 3Mg, 1My <m, <40Mg
= H1~ 7200 templates, H2 ~ 5400 templates, obtain filter SNR
= Require consistent timing and mass parameters between H1, H2

= Additional signal-based vetos

No gravitational wave
candidates found

Compact binary in M31 with
1My <m, <3Mg

1My <m, <40Mg

excluded at 99% confidence

D [Mpc]

30 ¢

20 ¢

10 |

Astrophys.J 681, 1419 (2008)

1

5

10

[ 25% exclusion
EE 50% exclusion

I B 75% exclusion | |

Il 90% exclusion

==

D(M31)

15 20 25 30 35

Sun]

M, [M
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= Pulsars in our galaxy
»non axisymmetric: 10-4 <& <10-6
»science: EOS; precession; interiors 4.7772G ] f2
»“R-mode” instabilities h=———"2"¢
»narrow band searches best C r

fGW = 2fROT

Sensitivity of LIGO to continuous wave sources

Upper limit on characteristic
amplitude If observed spindown

Is due entirely to gravitational
ave emission

1
J

2
8

2
8
|

TopaRrd POWADY

Mountain on a star

Ay,
IR

10-26

Low Mass X-ray Binaries;
If the accreted angular
momentum Is emitted Iin

gravitational waves

Characteristic amplitude h,
o
|
&

Accreting star

10 100 1000
Oscillating star Frequency (Hz)
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Search for known pulsars- preliminary

Joint 95% upper limits for 97 pulsars using ~13 months of the LIGO S5 run.
Results are overlaid on the estimated median sensitivity of this search.

10—22

- m . Lo = S ‘ ' AR Estimated joint sensitivity []
Spln down II It- Cre L | =———Joint design sensitivity ]
0 RO O + Upper limits i

5 (; IL:’ ‘I)‘ 1/2 7” 1ﬂzasplh-dawn<)(per|imlt - # Expected upper limits
/ lsd — a _ 5

v spin-down ULs

2 32y

Pulsar timings provided by the i G
Jodrell Bank pulsar group - .

Lowest GW strain upper limit:
PSR ]J1435-6100

(fow = 214.0 Hz, r = 3.3 kp@(
h, < 4.2x10°26

Lowest ellipticity upper limit:
(fgw = 405.6 Hz, r = 0.25 kpc) . A N N N I I
£ <9.6x108 10° 10°

frequency (Hz)




adiation
Beam

All sky searches D

LIGO m@ m

= Most spinning neutron stars are not observed pulsars;
EM dim and hard to find.

= But they all emit GWSs in all directions (at some level)
= Some might be very close and GW-loud!

= Must search over huge parameter space:

» Sky position: 150,000 points @ 300 Hz, more at higher frequency or
longer integration times

» frequency bins: 0.5 mHz over hundreds of Hertz band, more for longer
integration times

» df/dt: tens(s) of bins
= Computationally limited! Full coherent approach requires
~100,000 computers (Einstein@Home)
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LICOEinstein@Home: the Screensaver

Einstein@Home
GEO-600 Hannover
LIGO Hanford
LIGO Livingston
Current search
point
Current search
coordinates
Known pulsars

Known
supernovae
remnants

User name
User’s total credits

Machine’s total
credits

Team name

Current work %
complete
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The second-largest distribute
computing project in the world!

Einstein@Home - Server Status

cinstein@Home server status as of 8:38 PM UTC on Sunday, 16 September 2007 (updated every 20 minutes).
The Einstein@Home main server has been continuously up for 460 days 23 hours 43 minutes.

Server status

Download mirror status

’ Program ’ Host ’Status

\Web server

Einstein SSR2
generator

BOINC
database
feeder

BOINC
transitioner

BOINC
scheduler

BOINC file
uploads

Einstein SSRI
validators

Einstein SSR2
validators

Einstein SSRI
assimilator

Einstein SSR1
assimilator

Einstein SSR2
assimilator

BOINC file
deleter

BOINC
database

einstein

einstein

einstein

einstein

einstein

einstein

einstein

einstein

einstein

einstein

einstein

einstein

einstein

Site

Albert Einstein
Institute

University of
Glasgow LSC
group

MIT LIGO Lab

Penn State LSC
group

Caltech LIGO Lab

Status

Last
failure

109 h 16
m ago

300h1m
ago

None

None

121 h S6
m ago

S5R2 search progress

Total Already
needed done
1,450,000 1,404,882

units units
100 % 96.888 %
155.0 days 150.1 days

|

Work still
remaining

45,118 units

3.112 %

4.8 days
(estimated)

Users and
Computers

USERS

in database

Approximate
#

281,708

with credit @

registered in
past 24 hours

118

HOST
COMPUTERS

in database

registered in
past 24 hours

with credit

active in past 7
days

floating point
speedt)

Approximate
#

763,131
376
399,870

52,677

68.9 TFLOPS

Work and Results

‘ WORKUNITS | Approximate
in database 117,969
\r:\éigﬁlganonical 42,778
p;szinonical 75,191

‘ RESULTS ‘ Appro:imate
in database 308,198
unsent 2,249

in progress 100,278
deleted 105,803
valid 86,406

valid last week 58,675
invalid 37

Oldest Unsent 3d19h40m

Result




LIGO
Gravitational waves from Big Bang

Waves now in the LIGO band were 1 dpaw(f)
produced 10?2 sec after the big bang Qaw ( f ) — d1n f
. 1l
UECWTATIONAL c Pc
o= S, SAOT o = < gy >
ZC 327G
oM 5! % .\c
' NN T NP " = ’ 3/2
(2 (Zr) ,f'- - . h(}t) =06.3 X 10_22 \/Q(;u/(f) (100)LH1> HZ_[/2
COU) 380.000 13.7 billion
’ YEARS
Planck Time 1 SECOND YEARS
10-43SECONDS g
Singularity R Baxg
creates
Space & Time

of our universe

cosmic microwave
background --
WMAP 2003
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LIGO limits and expectations on Qg

" LIGO S1 data — y .
T T S1 result: Qg,, <23
0"””’\’”””\”””ﬂ”””ﬁ””"T”””T”””T"”””T" ”””””” "”””:”””ﬂ‘”””‘l ””” -
o N S B S e A A A R A S B
Y N I S3 result: Qg < 8x10
I D Y A Y B ol v s s S4 result: QGW < 6.5x10-°
o Cosmiestings| L L e MO0 Tyrdata
- . T LIGO design, 1 year:
™ Nucleosynthesis | _ -5 -6
7777777777777 — Qgw <~ 10~ -10
A § -Adv Lo, 1yr Advanced LIGO, 1 year:
Strmg cosrﬂology | : ; ; i i QGW <~ 10-9
A4 Inflation / Challenge is to
slow-roll limi . .
tl identify and
i6 -4 42 -0 8 -6 -4 2 0 2 4 6 8 eliminate noise

correlations between
H1 and H2!
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LSC

Upper limit map of a

stochastic GW background

S4 data- 16 days of 2 site coincidence
data

Get positional information from
sidereal modulation in antenna pattern
and time shift between signals at 2
separated sites

No signal was seen.

Upper limits on broadband radiation
source strain power originating from
any direction.

(0.85-6.1 x 1048 (Hz") for min-max on sky map;
flat source power spectrum)

Point Spread Function (calculated)

450

Declination [degree]
()
o

\?
o

Right ascension [hours]

Prehmmarg“, beta=0 90% confidence upper limit

S .

Declination [degree]
o

0
Hg, |§train2 Hz™

L -

Right ascension [hours]




LSC,
LIGO GW Bursts from

core collapse supernova

B Pre-supernova star =  Within about 0.1 second, the core
' collapses and gravitational waves

e Collapse of the core Gravitational waves are emltted
= After about 0.5 second, the

. Interaction of shock

L (R with collapsing envelope collapsing envelope interacts with
%, heutrinos emitted | §§ .
H o the outward shock. Neutrinos are

y Explosive ejection of envelope emitted.

\@l y - = Within 2 hours, the envelope of the

star is explosively ejected. When
the photons reach the surface of
the star, it brightens by a factor of
100 million.

= Qver a period of months, the

Star brightens byry 10° times : . expanding remnant emits X-rays,
e visible light and radio waves in a

decreasing fashion.




LIGO
Untriggered GW burst search

* Look for short, unmodeled GW signals in LIGO’s frequency band

—From stellar core collapse, compact binary merger, etc. — or unexpected source

* Look for excess signal power and/or cross-correlation among data streams from
different detectors

* No GW bursts detected in S1/S2/S3/S4; preliminary results from 1st 5 months of S5

Limit on GWB rate vs. GW signal strength sensitivity

-
o

* Detection algorithms
tuned for 64—-1600 Hz, duration << 1 sec

..... ‘:.é‘1 “E “‘l A .\ sl —
= \\\ g1 | —70Hz
AL NS — 183 Hz

P

* Veto thresholds pre-established before L8 AR W e 35 Hz
lookingatdata & E AL R S2 | —scapy

+ Corresponding energy emission sensitivity AN B : 849 Hz
Eow~ 1071 M, at 20 Mpc (153 Hz case) 107 by 'S4 1053 1y

First 5 months of S5

Expected; if no-detections
010'22 102" 102 10" 10™ 10" 107
h [strain/NHz]

s h, (root-sum-squared strain amplitude)

Rate Limit (events/day, 90% C.L.)




LIGO
Triggered Searches for GW Bursts

Gamma-Ray Bursts

» search LIGO data surrounding GRB
trigger using cross-correlation method
» no GW signal found associated with

| N
%

Swift/
I__Kie =° HETE-2/

IPN/
INTEGRAL

L6G-LHO

RXTE/RHESSI

Soft Gamma Repeater 1806-20

» galactic neutron star (10-15 kpc)
with intense magnetic field (~1015 G)

+ source of record gamma-ray flare on

December 27, 2004

+ quasi-periodic oscillations found in

RHESSI and RXTE x-ray data

+ search LIGO data for GW signal £ 7[ ks |

associated with quasi-periodgic g 6prellm|nary ol rwar

oscillations-- no GW signal found 5 sk = S4 circular
«» sensitivity: Eg, ~ 10-7 to 10-8 Msun g,

for the 92.5 Hz QPO = S
+ this is the same order of magnitude -

as the EM energy emitted in the flare j

0

—— - - - - - - - - - -]

39 GRBs in S2, S3, S4 runs

+ set limits on GW signal amplitude
+ 53 GRB triggers for the first five

months of LIGO S5 run

+ typical S5 sensitivity at 250 Hz:

Ecw ~ 0.3 Msun at 20 Mpc

| hrss upper limits, 25-ms window, sine-gaussian, f=250 Hz, Q=8.9 |

-22 215 21 -20.5

-19  -185 -18
log10(hrss)




LSC
LIGO

Summary

LIGO is operating in science mode at design sensitivity
» first long science run (S5) is now complete
» No detections to report yet — but there may be some in the can!

VIRGO, GEO, TAMA and CLIO approaching design sensitivity

LIGO Sensitivity/range will be increased by ~ 2 in 2009
and a factor of 10-15 in ~2014 with Advanced LIGO
» We expect to found the field of GW astrophysics with Advanced LIGO

LIGO searches producing some interesting upper limits
An international network of ground-based GW detectors is taking shape.

Detections, and the exploration of the universe with GWs, will begin over
the next decade!
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